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Abstract 
Bacteriochlorophyll a is extracted from the reaction center complex and the Fenna-Mathews-Olson protein (FMO) of 
the green sulfur bacterium Chlorobium tepidum into organic solvent at different ime scales. This allows the distinction of 
bacteriochlorophyll a bound to the reaction center and to FMO. The average xtinction coefficients of bacteriochlorophyll a 
in the reaction center and in FMO are 90 and 153 mM -1 cm- '  and thus differ by a factor of 1.7. With this the amount of 
FMO present per reaction center in membranes and isolates from green sulfur bacteria requires re-evaluation. The reaction 
center core from which FMO has been removed contains 135 ~g protein per ml and OD unit cm-~ at the Q~. peak and binds 
16 bacteriochlorophylls a plus four chlorophylls a. The functionally intact RC with five subunits can also be separated from 
contaminating FMO trimers, but retains one to two FMO proteins. Membranes contain about five FMO proteins per reaction 
center, substantially less than considered before. © 1998 Elsevier Science B.V. 
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1. Introduction 
The P840 reaction center (RC) of Chlorobiaceae 
represents a simplified version of the P700-RC in 
photosystem 1, with FeS centers as terminal electron 
acceptors, but with a homodimeric instead of a 
heterodimeric core structure. Its properties have been 
reviewed several times recently [1-4]. It consists of 
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Abbreviations: RC, reaction center; FMO, BChl a protein 
named after Fenna-Mathews-Olson [27]; SDG, sucrose density 
gradient; RC-blg, bluish-green fraction from SDG containing 
cw-photoactive RC; RC-brg, brownish-green fraction from SDG 
containing photoinactive RC-core; RC-(5 subunits), cw-photoac- 
tive form of the reaction center with the five subunits, PscA-D, 
plus FMO; cw, 'continuous wave'=continuous light. 
two identical core proteins denoted PscA and three 
smaller subunits, PscB with two FeS centers, PscC a 
cytochrome c and PscD. In addition it binds the BChl 
a protein FMO. The genes of FMO and the other four 
subunits have been sequenced [3]. Since the first 
purification [5] numerous isolation procedures from 
different species have been reported [6-14]. These 
procedures yield various forms of the P840-RC, with 
different optical spectra and subunit composition. 
With our own procedure [11] we obtained two forms 
which on SDG separate into a cw-photoactive bluish- 
green (RC-blg) and a photoinactive brownish-green 
band (RC-brg) which was enriched in photoinactive 
RC core. Recently, Francke et al. [14] attempted to 
clarify the resemblance of the preparations from the 
different laboratories. They obtained three forms of 
the RC purified from Prosthecochloris aestuarii, one 
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containing three FMO trimers, one containing one 
FMO trimer or dimer, and an RC core free of FMO. 
Remarkably, all three forms showed high cw-photo- 
activity, also the RC core, which consisted of the 
large subunit PscA and the FeS protein PscB only. 
The three FMO-RC is similar to our RC-blg, while 
the one FMO-RC is considered to resemble RC-brg. 
The usual estimation of RC content dates back to 
the early work of Swarthoff and Amesz [5] and is 
based on photobleaching at 842 nm and a uniform 
extinction coefficient for proteinaceous BChl a of 
100 mM ~ cm -~, which is also used to quantify 
photobleaching [15,16]. For a RC core which was 
photoinactive but free of FMO, the number of BChl 
a/RC was concluded to be 20 from fitting CD spectra 
[6]. We now have simpler means to determine the RC 
content independently of photoactivity, either by 
spectral characteristics of the chlorophyll proteins, or 
by protein assay in combination with SDS-PAGE 
and the MW of the proteins derived from the genes 
[3,9,11,17,18]. Previously, in such a calculation we 
adopted the value of 20 BChl a/RC core [6] and used 
the ratio of absorption at 835 nm to the Q,. peak [11]. 
We reported numbers of 69 and 34 for BChl a per 
RC in RC-blg and RC-brg, respectively. These are 
close to the values of 75 and 35 for pigment-protein 
complexes in the early work [5], and also to the 
re-evaluation of Francke et al. [14] which arrives at 
80 BChl a in three FMO-RCC and 38 in one FMO- 
RCC. Only 17 BChl a/RC core instead of 20 [6] 
were found by photobleaching [14]. 
However, the assumption of a uniform E for 
proteinaceous BChl a is not entirely satisfactory. In 
the course of measuring the relative amounts of FMO 
and RC in our preparations we discovered that BChl 
a from FMO is extracted much more slowly into 
organic solvent than from RC. This convenient way 
to test for FMO in mixtures with RC reveals that the 
• values of BChl a in FMO and RC differ by a factor 
of 1.7, which changes the estimation of FMO/RC 
and the number of BChl a per RC in FMO-containing 
preparations changes considerably. 
Next to BChl a the P840-RC of green Sulfur 
bacteria contains chlorophyll a (Chl a-671) which 
serves as the primary electron acceptor (see Ref. [3]). 
The number of Chl a-671 molecules bound per P840- 
RC is also reported. 
2. Methods and materials 
The preparation of the P840-RC from Chlorobium 
tepidum, SDS-PAGE and several other procedures 
have been described and the number of BChl a 
molecules per photoactive RC was measured as 
before [11]. FMO was isolated according to Miller et 
al. [19]. Protein was determined by the BCA test 
(Pierce/Rockford, USA) after precipitation by TCA 
in the presence of deoxycholate [20]. Membranes of 
Chloroflexus aurantiacus were a kind gift from G. 
Fuchs (Freiburg, Germany). 
2. I. Extraction of chlorophylls 
Chlorophylls were extracted from the aqueous RC 
samples after removal of sucrose and salt by dialysis 
by adding 4 volumes of acetone/methanol (7/2). The 
extraction mixtures were kept in the dark to avoid 
photodestruction. The extinction coefficient of BChl 
a in this mixture is 76 mM -~ cm ~ [21], for Chl 
a-671 at 664 nm it is assumed to be 82 mM-~ cm -~, 
the same as for Chl a in 80% aqueous acetone [22]. 
2.2. Separation of the FMO-protein from the P840 
reaction center 
FMO not tightly bound to the RC can be separated 
either by gel filtration, by OH-apatite chromatog- 
raphy, or by native electrophoresis. Gel filtration was 
performed with Superdex 200 in a 16/60-column 
from Pharmacia cooled to 10°C. The samples from 
the SDG were diluted with 20 mM Tris-Tricine, pH 
7.5, 0.025% (w/v) Thesit (Boehringer/Mannheim) 
and 2 mM cysteine, and were concentrated to an 
ODs~ 0 of 10-20 by centrifugation on top of a 25% 
sucrose cushion. They were loaded onto the Superdex 
column which was equilibrated in the same buffer but 
with additional 0.2 M NaC1. At lower salt the BChl a 
proteins stuck to the gel. Chromatography was car- 
ried out on Ceramic OH-apatite (40 I~m Macroprep, 
Biorad) with a gradient from 10 to 400 mM phos- 
phate buffer, pH 7.5, containing 2 mM cysteine, 20 
txM FMN and 0.025% (w/v) Thesit. Samples from 
the SDG were diluted with this solution containing 10 
mM phosphate, and were concentrated by centrifuga- 
tion as above. Native electrophoresis of chlorophyll 
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protein complexes can be carried out on minigels 
(Biorad) in two ways, on 'green' gels after Allen and 
Staehelin [23], and on 'blue' gels after Sch~igger and 
von Jagow [24]. For green gels (Fig. 3) samples with 
an ODs, 0 of about 20 were incubated in the dark on 
ice for 30 min with 0.2 volumes of 2.7% (w/v) 
decylmaltoside, 2.7% (w/v) octylglucoside (both 
from Calbiochem) and 0.6% lithium dodecylsulfate in 
12 mM Tris-maleate, pH 7. 
3. Results and discussion 
3.1. Differential extraction and extinction 
coefficients of chlorophylls from FMO and P840- 
RC 
The extraction of BChl a from proteins into 
methanolic acetone is accompanied by a decrease and 
broadening of the absorption peak in the near IR and 
a shift from around 810 to 772 nm [21]. Figs. 1 and 2 
document hat extraction from FMO is much slower 
than from RC. The rate of extraction from FMO 
depends on the amount of water introduced into the 
extraction mixture and is optimally observed at 20% 
water. At higher water percentage the extraction 
becomes very slow and the absorption peak shifts 
from 772 nm to higher wavelength. To avoid turbidi- 
ty sucrose and salt were removed from the samples 
by dialysis before adding organic solvent. It is crucial 
to keep the extraction mixtures in the dark to avoid 
photodestruction f BChl a. 
In Fig. 1 spectra in the course of BChl a extraction 
from four samples with different amounts of FMO 
are shown. RC-brg is depicted in Fig. I A, RC-blg in 
Fig. 1 B, an FMO-rich fraction separated from RC-blg 
by OH-apatite chromatography in Fig. 1C, and the 
RC core purified from RC-brg by OH-apatite chroma- 
tography in Fig. 1D. The solid spectrum represents 
the samples diluted 1:5 with buffer, the dashed 
spectrum was taken immediately after dilution into 
methanolic acetone and the dotted spectrum was 
taken after 5 h (in Fig. 2D the spectrum after 20 s 
was the same as after 5 h). The extent of slowly 
extractable BChl a corresponds to the relative 
amounts of FMO seen at 42 kDa in SDS-PAGE. 
Three features are characteristic in the aqueous 
spectrum of FMO compared to RC. The Qy band is 
slim and peaks at 808 nm, and the shoulder at 835 
nm as well as Chl a-671 are absent. 
Another important observation is that the ratio of 
the BChl a Q,. peak in aqueous olution at 808-816 
nm to the peak at 772 nm in methanolic acetone is 
not constant for the four samples in Fig. 2A-D. It is 
higher if FMO content is high. Obviously the average 
extinction coefficient of the seven BChl a molecules 
bound in FMO is higher than for the RC. From 
several experiments with purified samples (Fig. 
2C,D), taking the emM of 76 cm- ~ for the peak at 772 
nm in methanolic acetone [21] we arrived at mean 
values for emM of BChl a bound to FMO and RC of 
153 and 90 cm ~, respectively. The ratio r is 1.7 and 
is important for calculating the numbers of BChl a on 
FMO and RC in mixtures. 
Chl a-671 is immediately extracted from the RC 
and shifts to a peak at 664 nm. With the e,~,M of 82 
- I  
cm for Chl a in acetone [20] the average emM for 
protein-bound Chl a-671 is 95 cm 1, if the difference 
from peak to short-wavelength rough is compared 
for the aqueous and organic spectra. The ratios of 
BChl a/Chl a, obtained from the peaks in organic 
solvent, are 5.5 for RC-brg (Fig. 1A), 7.3 for RC-blg 
(Fig. 1B) and 3.6 for the RC core (Fig. 1D). The 
FMO-rich fraction in Fig. 1C contains only traces of 
Chl a. 
Chlorosome-free membranes [25] behaved much 
like RC-blg in Fig. 2B. Residual BChl c extracts fast. 
Furthermore, BChl a extraction from membranes of 
Chloroflexus aurantiacus did not show a slow phase, 
indicating the absence of an FMO-like protein. Also, 
from membranes of the purple bacterium Rhodo- 
bacter capsulatus, BChl a extraction was instanta- 
neous. Therefore, precaution for slow extraction in 
routine determinations of BChl a is required only if 
FMO is present. The slow extraction of BChl a from 
FMO might result from the compact fl-sheet structure 
[26,27] which could shield BChl a from organic 
solvent. 
From the absorption decrease at 808-814 nm 
during extraction, the amounts of BChl a in FMO and 
RC can be determined. Fig. 2 shows the time courses 
for purified FMO, RC-blg and RC-brg. The fast 
phases of absorption decrease were 0, 30 and 73%, 
respectively. Thus, with r E of 1.7, BChl a bound to 
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Fig. 1. Differential extraction of chlorophyll from FMO and P840-RC. The extraction procedure is described in Section 2. In panels A -C  three spectra re 
shown, one for the samples diluted into aqueous buffer and two diluted to the same extent into the organic solvent, the first taken immediately after dilution 
and the second after 5 h in the dark (both after centrifugation). In panel D only the spectrum immediately after dilution into organic solvent is shown, 
because it did not change afterwards. Panel A shows RC-brg, panel B RC-blg, panel C the FMO-rich fraction, and panel D the P840-RC core after 
OH-apatite chromatography. 
the RC amounts to 40% for RC-blg and 80% for 
RC-brg (see calculation in Appendix A). The rest 
belongs to the FMO protein, which either has been 
copurified or is bound to the RC. 
3.2. Removal of FMO from the P840-RC 
The distribution of the RC subunits PscA-D and 
FMO in the SDG of our preparation can has been 
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Fig. 2. Time course of bacteriochlorophyll a extraction. The decrease of 
the absorption peak at 810-814 nm after the dilution into organic solvent 
is plotted against ime. 
documented by SDS-PAGE [11]. The core subunit 
PscA, migrating at 65 kDa in SDS-PAGE, and the 
cytochrome c-551 PscC (24 kDa) peak twice, with 
RC-blg and with RC-brg, while the FeS protein PscB 
(32 kDa) and subunit PscD (17 kDa) peak only with 
RC-blg. Also FMO (42 kDa) is concentrated in the 
zone with RC-blg, smearing into RC-brg. The subunit 
stoichiometry of the two zones has been analysed by 
densitometry of Coomassie-stained SDS-PAGE 
slices (not shown). If in first approximation we 
assume constant staining per unit protein and normal- 
ize the peak area by the actual MW values derived 
from the genes (82 kDa for PscA, 23 for PscB, 24 for 
PscC and 17 for PscD [3,9,11,17]) the average 
stoichiometry for PscA:PscB:PscC:PscD was 
2:1:1.5:0.5 in four different RC-hlg preparations. For 
RC-brg the average was 2:0.1:1.5:0. 
FMO (40 kDa [18]) varied a good deal in the 
densitograms. It was present from 0 to 1 per two 
PscA-subunits in RC-brg, and from four to 10 per 
two PscA in RC-blg. The amount depends on what 
fractions from DEAE-cellulose chromatography are 
loaded onto the SDG [11]. Fractions eluting later 
from the column contain more FMO. At higher salt 
concentrations FMO trimers [27] elute from the 
column together with RC, and these trimers seem to 
band slightly below the zone of RC-blg in the SDG. 
In fact, with late fractions from the DEAE-cellulose 
column the lower edge of the RC-blg zone is bright 
blue, and on SDS-PAGE shows a relatively high 
content in the 42-kDa protein. The removal of 
unbound FMO trimers was desirable to estimate 
binding of FMO to the RC. 
Both, RC-blg as well as RC-brg, can be purified 
from contaminating FMO either by gel filtration (see 
also Ref. [28]), or by chromatography on OH-apatite 
(see also Ref. [14]). This results in a shift of the Qy 
peak to longer wavelength, from 814 to 816 nm for 
RC-brg, and from 810 to 812-813 nm for RC-blg. 
Also the shoulder at 835 nm as well as the absorption 
of Chi a-671 are increased in both fractions by these 
treatments (compare the aqueous pectra in A and D 
of Fig. 1 for RC-brg, and of Fig. 1B and Fig. 4 for 
RC-blg). The spectrum shown in Fig. 4 thus repre- 
sents the five-subunit P840-RC without contaminat- 
ing FMO. It is similar to the spectrum of one FMO- 
RC in Ref. [14] and of other previous preparations 
[9,10,13]. 
FMO can also be removed by electrophoresis 
under conditions which do not dissociate protein 
complexes [23,24]. Fig. 3 shows the result with 
'green' gels [23]. It was similar in 'blue' gels [24]. 
From RC-brg all the residual FMO is removed (Fig. 
3A), but only about a third of FMO is removed from 
the preparation of RC-blg in Fig. 3B. The amount of 
FMO remaining bound to the RC corresponds to 
about four per two PscA subunits, taken from the 
equal staining intensity and a ratio of 1/2 for the MW 
of FMO (40 kDa) and PscA (82 kDa). If the 
aggregate in Fig. 3 is taken into account, which to a 
large extent represents undissociated PscA dimers, 
only two to three not four FMO proteins may actually 
be bound to the RC homodimer in its functionally 
stable form. This estimate will be compared below 
with the spectroscopic determination of FMO. 
3.3. Quantitation of the P840-RC preparations 
To answer the question of how many FMO mono- 
mers are present in the different RC fractions we 
need to know how many BChl a molecules are bound 
290 C. Griesbeck et al. / Biochimica et Biophysica Acta 1365 (1998) 285-293 
1 Dimension 
A) RC-brg Green Native Gel 
i,_ i t - -2 [  
i Aggregation - ~ t~ 
2 Dimension PscA-  
SDS-PAGE FMO-Prote in - - - ' ,  ~ i 
31,0  PscC-- o 
--- 21 ,5  
-- 144  
. . . . . . .  . . . . . . . .  dye  front 
B) RC-blg 
!i: ~ ....... I 
Aggregat ion - - -  - -  97 .4  
PscA-  - 66 .2  
FMO-Prote in - -  ' , - -  45,0  
PscB- -  - 31 ,0  
PscC- -  - 21 .5  
PscD - 
- -  14.4 
dye  f ront  
C) FMO-protein 
[, l 
FMo P .o to ,n - -  
1 31 ,0  
' -215  
--  - 14,4 
L . . . . . . . .  dye  f ront  
Fig. 3. 2D-electropfioresis of the P840 reaction center preparations and 
the FMO protein. The procedure is described in Section 2. Gel A shows 
RC-brg, gel B RC-blg and gel C purified FMO protein. On the right side 
of the gels the protein standard and the corresponding MW values in kDa 
are included. PscA-PscD denote the RC subunits. 
to FMO and how many to the RC core. The FMO 
monomer binds seven BChl a [26,27] but the number 
for the RC core requires re-evaluation. 
3.3.1. The number of chlorophylls bound to the 
PscA subunit 
For the RC core which was free of FMO after 
purification of RC-brg by gel filtration or chromatog- 
raphy on OH-apatite (see Fig. 1D) an average stoi- 
chiometry of 2:1.5 (PscA:PscC) was found by den- 
sitometry which corresponds to a MW of 200 kDa (a 
mass of 248 kDa has been determined for the RC 
core particle by scanning transmission electron mi- 
croscopy which in addition to protein contains pig- 
ment, lipid and detergent [28]). Due to unequal 
Coomassie staining the actual subunit stoichiometry 
may be different, but should be one or two PscC per 
PscA dimer, giving a MW between 188 and 212 kDa 
(two photooxidizable heroes c per RC have been 
reported recently [13]). The protein content of the 
particle per OD unit cm ~ at the Q~. peak was 135 Ixg 
per ml. With the E value of 90 mM ~ cm -~ (see 
above, and Eq. (2) in Appendix A), 15.5, 16.5 and 
17.5 BChl a molecules are found to be bound to the 
RC core for MWs of 188, 200 and 212 kDa, 
respectively. With BChl a/Chl a of 3.6 (see above) 
we obtain 4.2-4.7 additional Chl a molecules per RC 
core. 
Francke et al. [14] recently reported 17 BChl a 
molecules bound per photoactive RC core of Pros- 
thecochloris aestuarii, a number which is very close 
to our estimate. It is based on photobleaching and the 
old assumption that the e values are 100 mM-~ cm 1 
for both, the Qy absorption and photobleaching at 
842 nm [15,16]. The number of BChl a per total RC 
core would be even lower if part of the RC was 
photoinactive, but the E value for photobleaching 
could be higher than that of BChl a. 
We conclude that 16 BChl a and four Chl a are 
bound in the P840-RC core, eight and two in each 
PscA subunit. Thus, in the core subunit of Chloro- 
bium substantially ess chlorophylls are bound than in 
the core subunits PsaA/B of the heterodimeric P700- 
RC of photosystem I which bind about 40 Chl a 
molecules each [29]. The density of chlorophyll 
occupation is one-fourth only in the P840-RC. In- 
deed, the sequence of PscA from C. limicola contains 
only 21 [15], the one from C. tepidum only 19 
histidines as possible ligands for chlorophylls [30], 
while PsaA and PsaB contain 42 and 39 histidines, 
respectively. From sequence alignment only seven of 
the histidines in Chlorobium seem conserved [15]. 
These are H79 in the first hydrophobic span, H164 in 
the second, H208 in the third, H374 and H388 in the 
sixth, H486 in the eighth and H620 in the tenth span. 
Only the last two are located within the RC region 
proper, H620 binding the primary electron donor 
P840, the 'special pair' of BChl a [3,31]. The other 
five histidines are located in the N-terminal region 
which serves as antenna [29]. Also in FMO with 
seven BChl a per 40 kDa the occupation density is 
higher than in PscA with eight per 82 kDa. 
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3.3.2. The number of chlorophylls and FMO 
proteins per RC in different RC preparations and 
membranes 
With 16 BChl alRC core the number of BChl a 
per RC in any of the preparations can be calculated 
from the percentages RC obtained by the extraction 
experiments. RC-brg contains 20 and RC-blg 40 
BChl a/RC. Practically the same numbers are ob- 
tained from the ratio of the OD at 835 nm to the Qy 
peak as shown in Table 1 (see Appendix A for 
calculations). For RC-brg less than one FMO protein 
is present, which can be totally removed by gel 
filtration [28], OH-apatite chromatography, or elec- 
trophoresis (Fig. 3). The photoactive RC-blg contains 
three to four FMO proteins per RC, part of which is 
not bound and can be removed by gel chromatog- 
raphy (compare the spectra in Fig. 1B and Fig. 4) 
without loss of photoactivity. Between one and two 
FMO proteins remain bound in RC-(5 subunits). By 
densitometry we found four FMO proteins per PscA 
dimer. However, as stated above, loss of PscA by 
aggregation leads to an overestimation of FMO. 
Furthermore, higher specific staining of the more 
hydophilic FMO could have an additional effect. 
Therefore we regard the FMO numbers from spectro- 
scopic determination compiled in Table 1 as the more 
reliable ones. In RC-(5 subunits) certainly less than a 
FMO trimer/RC remains bound, and the question 
arises whether FMO is present in substoichiometric 
amounts as trimers, or as monomers and/or dimers. 
Table 1 
Number of chlorophylls and FMO proteins per RC in different prepara- 
tions 
Fraction BChl a/RC FMO/RC 
Extraction 835 nm 
RC-core 16 16 (20) 0 (0) 
RC-brg 20 21 (30) < 1 (1-2) 
RC-(5 subunits) n.d. 26 (41) 1-2 (3) 
RC-blg 40 40 (71 ) 3-4 (7-8) 
Membranes n.d. 50 (91 ) 5 (10) 
The number of BChl a per RC are derived from differential extraction or 
from the ratio of the OD at 835 nm to the Qr peak as outlined in 
Appendix A, taking 16 BChl a bound to the RC-core (see text). The 
number of FMO proteins per RC core is obtained by dividing the excess 
over 16 BChl a by 7. Numbers in parentheses give the values according 
to our previous estimation, with 20 BChl a in the RC core [11]; n.d., not 
determined. 
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Fig. 4. Spectrum of photoactive RC-(5 subunits) after removal of 
unbound FMO by gel chromatography. 
An estimation of the photoactive portion is perti- 
nent here. For RC-blg we observed 90 nmol P840 
bleached per ml and unit OD at the Qy peak [11], 
after gel chromatography this was doubled to 180 
nmol for RC-(5 subunits). The numbers of total BChl 
a/RC was 40 and 26 in the two fractions, with 16 of 
them bound to the RC core (Table 1). From this and 
the • values of 153 and 90 mM -t cm -~ for BChl a 
bound to FMO and to the RC (see above) mean 
extinction coefficients of 128 and 114 mM- '  cm -1 
can be calculated for RC-blg and RC-(5 subunits), 
respectively. With these we obtain 7.8 and 8.8 nmol 
BChl a per ml and unit OD cm -1 at the Qy peak. 
Thus we have 87 and 49 BChl a per bleached P840 ÷ 
in RC-blg and RC-(5 subunits), and with the numbers 
of BChl a per total RC (Table 1) we arrive at 46 and 
53% photoactive RC in these fractions. In contrast, 
with the BChl a numbers from our previous calcula- 
tion (numbers in parentheses in Table 1; [11]), we 
obtain 82 and 84% photoactive RC for the two 
fractions. This difference is obviously caused by the 
previous overestimation f FMO. Since about half of 
the RC is functional in RC-(5 subunits) which binds 
about 1.5 FMO (Table 1), it may well be that the 
292 C. Griesbeck et al. / Biochimica et Biophysica Acta 1365 (1998) 285-293 
photoactive form of the RC is bound to a trimer of 
FMO. Alternatively, functional stabilization of the 
homodimeric RC structure is better conceivable with 
two FMO molecules bound. 
Appendix A 
Molar percentage of BChl a in RC from ratios of 
OD/ODey 
The contribution of RC and FMO to the overall 
spectrum can be calculated from the OD ratio at a 
characteristic wavelength to the Qy peak according to 
%ODRc = 100" (r -- rFMO)/(rRC -- rFMO) (3) 
Calculations 
Molar percentage of BChl a in RC from the extent 
of fast extraction 
From the extents of the fast extraction phase in 
Fig. 2 (slow phase extrapolated to 0-time) we get % 
ODRc after correction by the contribution of the 
spectrum in organic solvent o the OD of the Qy peak 
in aqueous olution (7% for RC at 814 nm and 13% 
at 808 nm for FMO; see Fig. 1). The molar per- 
centage of BChl a in RC is obtained from % ODRc 
by 
%BChlaRc = 100. %ODRc 
• r,/[%ODRc • (r, -- 1) + 100] (1) 
where r, is 1.7 and represents the ratio between e of 
BChl a in FMO and RC (see Section 3). 
Number of BChl a molecules per RC 
The number of BChl a per RC can be calculated 
from the protein content per unit OD at the Qy peak, 
the average emM and the sum of the MWs by the 
formula 
BChla/RC = 1000. MW/lxg proteinoDunit • EmM (2) 
The average emM is obtained from the emM of pure 
RC (90 mM -1 cm 1) and pure FMO (153 mM -t 
cm -1) according to the molar fractions of BChl a 
obtained from extents of fast and slow extraction (Eq. 
(1)). The sum of MW follows from the subunit 
stoichiometry determined by densitometry. MW for 
PscA, FMO and PscB-D are 82, 40, 23, 24 and 17 
kDa, respectively [3,9,11,17,18]. 
where r, rFM o and rRC are the absorption ratios of the 
mixture and the pure components. For 835 nm, rRC is 
0.48 and rFM O is 0.07 (previously 0.67 and 0.08 have 
been used, which actually refer to the inflection point 
of the 835-nm shoulder not to OD835 [11]). To obtain 
the molar percentage of BChl a in the RC the 
correction with G according to Eq. (1) is used. The 
calculation can also be carried out for the peak of Chl 
a at 671 nm (AOD671_645) in preparations which are 
free of BChl c. In this case rRC is 0.26 and rFM o is 
zero which reduces Eq. (3) to %ODRc = lOOr/rRc. 
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